A B S T R A C T An examination of the metabolic fate of the R and the S isomers of warfarin revealed that the two isomers were metabolized by different routes. R warfarin was oxidized to 6-hydroxywarfarin and was reduced to the (R,S) warfarin alcohol. In contrast, S warfarin was oxidized to 7-hydroxywarfarin and was reduced to the (S,S) warfarin alcohol. S warfarin was also oxidized to 6-hydroxywarfarin.
INTRODUCTION
The coumarin anticoagulant warfarin contains an asymmetric center. There are two isomeric forms, the (R) (+) -warfarin (R warfarin) and the (S) (-) -warfarin (S warfarin) isomers (1) . The clinically available formulation is a racemate, a mixture of equal parts of each isomer. The racemic mixture has been the subject of intense investigation in studies of the metabolism of warfarin and in studies of drug interactions between warfarin and other drugs. The metabolites of racemic warfarin in man were previously identified as two oxidized derivatives, 6-hydroxywarfarin and 7-hydroxywarfarin, and two reduced derivatives, the diastereoisomers of warfarin alcohol (designated "alcohol 1" and "alcohol 2") (2) . For the most part, previous studies have ignored whatever differences may exist between the R and S isomers of warfarin in regard to either their metabolism or their response to interactions with other drugs.
There is ample evidence to indicate that the stereochemical configuration of drugs which possess asymmetric centers is an important determinant of metabolism. Different rates of metabolism have been demonstrated between the isomers of methadone (3), propranolol (4), amphetamine (5) , hexobarbital (6) , and hydantoins (7) .
Three reports suggested that the steric configuration of warfarin might influence its metabolism. The data of Goding and West in rats indicated that the rate of appearance of radioactivity in the urine was more rapid after administration of the R isomer of [14C]warfarin than after administration of the S isomer (8) . Breckenridge and L'E Orme reported that R warfarin was cleared from the plasma of rats at a rate nearly twice that of the S isomer (9) . Hermodson provided direct evidence of the dependence of metabolic pathways on the configuration of warfarin (10) . In a study of the urine of a remarkable patient who was resistant to racemic warfarin, the 7-hydroxywarfarin that was isolated was optically active. This indicated stereospecificity in the formation of the 7-hydroxy metabolite: it was generated exclusively (or primarily) from only one of the isomers of warfarin.
S warfarin is 5-6 times more potent as an anticoagulant than the R isomer in both man (11) and the rat (9, 12) . Thus, the configuration of warfarin greatly influences its pharmacologic effect. This emphasizes the relevance of any relationship that might be established between the configuration and the metabolism of warfarin.
Methods recently developed permit the concentrations of warfarin metabolites as well as unchanged warfarin to be measured specifically. Because of this analytic improvement, the metabolism of the isomers was explored, and the interaction between warfarin and phenylbutazone was reexamined. The data presented in this report suggest that, in addition to differences in potency, the isomers of warfarin differ in regard to their metabolism and differ in regard to their interactions with other drugs.
METHODS

Metabolism of the isomers
The isomers of warfarin were gifts of Endo Laboratories, Inc. (Garden City, N. Y.) and Ward Blenkinsop Pharmaceuticals. The optical purity of each isomer was approximately 93-95%o. Racemic warfarin (Coumadin, Endo Laboratories, Inc.) was an equal mixture of the two isomers. The syntheses of the metabolites of warfarin have been described previously (13) . The subjects were fully informed. Single oral doses of each isomer were given in separate, paired studies of eight subjects. The same dose of both isomers was administered to a subject. A dose of racemic warfarin was given to four of the subjects. Citrated plasma samples were obtained over the subsequent 3-9 days. Three subjects were given vitamin K during the study; the "prothrombin time" of all samples obtained from the other subjects was measured together, with Simplastin-A (General Diagnostics, Div., Warner-Lambert Pharmaceutical, Morris Plains, N. J.) as a source of thromboplastin and Factor V. It was possible to obtain urine samples from five subjects. In these, urine was collected quantitatively for 7-10 days of each study and pooled.
Studies with phenylbutazone
The subjects were fully informed healthy male volunteers. For control data, a single oral dose of racemic warfarin was administered, and citrated plasma samples were obtained over the subsequent 4-10 days. Phenylbutazone pretreatment was 100 mg t.i.d. for 10 days, after which the second single dose of warfarin was administered. Phenylbutazone was continued for the remainder of the study. Other subjects were given a single oral dose of an isomer of warfarin before and again after phenylbutazone pretreatment.
Analytical procedure
All samples of plasma and urine were frozen until analyzed. Each sample was processed in duplicate. A standard of plasma or urine containing a known amount of warfarin, 6-hydroxywarfarin, 7-hydroxywarfarin, warfarin alcohol 1 and warfarin alcohol 2 was processed simultaneously.
Warfarin and the metabolites were extracted from the plasma and urine samples, separated chromatographically, and quantitated fluorometrically.
Extraction. 2 ml of plasma or urine was acidified with 1.0 ml of 1.5 N HCO and extracted with 4.0 ml 1,2-dichloroethane (ethylene dichloride, EDC') in a polypropylene tube by agitation on a horizontal shaker for 10 min. The tube was centrifuged at 10,000 g, the aqueous and solid phases were discarded, and 3.0 ml of the EDC were transferred to a glass -tube. While the EDC was evaporating in a stream of N2, the sides of the tube were washed down 3-4 times with 100-200 pl of acetone. To the dried residue at the bottom of the tube, 100 ,Al of acetone was added. This was applied quantitatively as a 1.5-cm band on a silica gel-G thin-layer chromatography (TLC) plate, (6061, Eastman Kodak, Rochester, N. Y.). The tube was rinsed an additional two times with acetone, which was added to the spot of application on the TLC plate.
Chromatographic separation. The large spots of application were collected by chromatographing the TLC plates with methanol to a point 3 cm above the site of application.
The plates were examined under shortwave ultraviolet light (Mineralight UVS-12, Ultra-Violet Products, Inc., San Gabriel, Calif.), 'and the collection with methanol was repeated until all material with blue fluorescence had been collected at the methanol collection front. The TLC plates were cut off 2 cm below the methanol line. The warfarin, alcohol 1, and alcohol 2 bands were eluted with acetone, and the fluorescence was measured at 405 nm with exciting light of 345 nm. The fluorescence of the solution was measured again after the addition of 1 drop 3 N HCl. The net fluorescence of the sample (the difference between the before-acid and after-acid readings) was compared to the net fluorescence of the standard, and the concentration of the compound was calculated from this ratio. The fluorescent band containing 7-hydroxywarfarin was eluted with n-butanol. Then 3 drops of concentrated HC1 were added, the solutions were mixed, and the tube was allowed to stand. After 1 h the solutions were mixed, and the fluorescence was measured at 365 nm with an exciting light at 330 nm. The band containing 6-hydroxy warfarin was eluted with methanol and the fluorescence was measured at 390 nm with an exciting light of 325 nm.
Methodologic evaluation. The relationship between concentration and fluorescence was linear over a range from less than 10 to over 1,000 ng per ml plasma or urine. Quenching, observed at much higher concentrations, was obviated when indicated by diluting both the sample and the standard with the appropriate solvent. The reproducibility of replicate determinations of more than 85% of the samples was within 15%o or 15 ng of the average of the two determinations. Bias was evaluated in two experiments in which plasma samples were randomly coded by another (uninvolved) investigator. After the results were calculated, the code was broken. The accuracy in these blinded studies was similar to experiments in which the time the samples were obtained was known both by the laboratory personnel and the investigator.
The fluorescence of a series of normal plasma samples were equivalent to 10-20 ng warfarin, 1-4 ng alcohol 1, 14 ng alcohol 2, and 1-3 ng 7-hydroxywarfarin per ml plasma. Similar results were obtained with plasma obtained from subj ects receiving phenylbutazone but not warfarin. Thus phenylbutalone (or its metabolites) did not interfere with the assay. A series of normal urine samples gave fluorescence equivalent to 9-25 ng warfarin, 0-2 ng alcohol 1, 1-9 ng alcohol 2, 10-180 ng 6-hydroxywarfarin, and 4-11 ng 7-hydroxywarfar-in per ml urine. 3 The concentrations of phenylbutazone were measured by the method of Jahnchen and Levy (14) . The relative amounts of free and protein-bound warfarin were measured in the following manner: 10 ,ug of ["C]warfarin (sp act 3.74,Ci per mg) were added to each ml of plasma samples obtained during the control and phenylbutazone studies, and the plasma samples were incubated at 370C for 2 h. (The fraction bound was not altered by addition of this amount of radioactive warfarin.) Aliquots were centrifuged at 400,000 g for 24 h at 37°C in a modified Beckman L2-65;B centrifuge (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.). The radioactivity remaining in the supernate 3No data are presented for the 6-hydroxywarfarin in the plasma. Inspection of the TLC plates after development suggested the presence of this metabolite in the samples, but the fluorescence yield from 6-hydroxywarfarin, despite the testing of a number of different solvents, was too inefficient to yield reliable data. The low fluorescence also limited the sensitivity of the determination of 6-hydroxywarfarin in the urine.
was measured in a Packard liquid scintillation counter (Packard Instrument Co., Inc., Downers Grove, Ill.). The protein content of the supernate was measured by a modification of the method of Lowry, Rosebrough, Farr, and Randall (15) . The results were expressed as a percentage of the radioactivity and protein in the original plasma sample.
RESULTS
Metabolism of the isomers
Identical results were obtained with all subjects (Figs. 1 and 2) . The plasma data indicated that S warfarin was oxidized to 7-hydroxywarfarin and reduced to alcohol 2. In contrast, R warfarin was metabolized by reduction, primarily to alcohol 1 (Table I) .' These observations were confirmed by measuring the excretion of the metabolites in the urine. In all subjects, the urine data indicated that alcohol 1 was produced from R warfarin, and that alcohol 2 and 7-hydroxywarfarin were produced from S warfarin (Table II) . Analyses of the urine also revealed that both R warfarin and S warfarin were oxidized to 6-hydroxywarfarin in approximately equal amoumns.
In the evaluation of the studies of the urine it should be noted that for three subjects the dose of racemic In separate studies, subject W. Ga. was given 55 mg each of S warfarin, R warfarin, and the racemate. The racemic mixture contained 27.5 mg of the R isomer and 27.5 mg of the S isomer of warfarin. 7-hydroxywarfarin and alcohol 2 were generated from S warfarin. Alcohol 1 was a metabolite of R warfarin. Despite these differences in the pathways of metabolism, the R and S isomers were cleared from the plasma at identical rates in two subjects. ' It was assumed that there were negligible differences in the biologic handling of the isomers of a metabolite, e.g., that 7-hydroxywarfarin produced from R warfarin would have the same distribution characteristics and the same elimination characteristics as 7-hydroxywarfarin produced from S warfarin. In all but two subjects, the clearance of S warfarin was faster than the R isomer (Table I ). In no subject was S warfarin eliminated more slowly than the R isomer. These observations in man are the reverse of the situation found in the rat, where S warfarin is the isomer more slowly metabolized (8, 9) .
The prothrombin time response from S warfarin was greater than the response from R warfarin in all five subjects in which this parameter was evaluated. Representative studies are depicted in Fig. 3 .
Studies with phenylbutazone
Phenylbutazone levels. After pretreatment the concentration of phenylbutazone in plasma samples obtained immediately before or during the warfarin study averaged 76±7 (x-+1 SD) mg per liter plasma.
Protein binding of warfarin. Little free warfarin was detected in the supernate when normal plasma was studied. The warfarin radioactivity in the 400,000 g supernate was only 0.4% of that contained in the original plasma samples. The actual free warfarin concentration might have been even less, since the supernate also contained 0.3% of the "protein" of the original plasma sample. It is not known whether this "protein" represented nonspecific reacting material or was albumin remaining in the supernate despite the 400,000 g sedimentary forces. In the samples obtained after phenylbutazone (three subjects), the apparent free warfarin concentration was increased to 0.8, 1.1, and 1.2% of the total warfarin. Since these plasma samples were obtained from in vivo experiments, no attempt was made to establish the association constants for the binding with albumin.
Response of racemic warfarin to phenylbutazone. The prothrombin time response to a single dose of racemic warfarin was much greater after phenylbutazone than in the control study (Fig. 4) . In contrast to previous reports, phenylbutazone did not increase the fractional rate of clearance of racemic warfarin from plasma ( Fig.   5 ). In two subjects the elimination after phenylbutazone was minimally slower than in the control study. Despite the lack of effect of phenylbutazone on the fractional clearance, three changes in the metabolism of the racemic mixture of warfarin were consistently observed ( Fig.  6 ): (a) the concentration of 7-hydroxywarfarin was lower than in the control study; (b) the concentration of warfarin alcohol 2 was higher, and the time to reach the maximum level was delayed; (c) there was a slightly higher concentration of warfarin alcohol 1 and the peak level was reached earlier. These data are summarized in Table III .
Response of warfarin isomers to phenylbutazone. After phenylbutazone the elimination of S warfarin was slowed from 2.3 to 1.6% per h in one subject (Fig. 7) and from 3. warfarin from the plasma was unchanged after phenylbutazone. In these studies, which were conducted for 4-10 days, the plasma ti of racemic warfarin is indicated by the length of the lines. There were no consistent changes detectable in the ratio: fractional dose absorbed/apparent VD after phenylbutazone.
effect on the elimination of R warfarin was noted: the elimination of R warfarin was accelerated from 1.5 to 3.0% per h in one subject and from 0.9 to 1.6% per h in another (Table III) . Despite the increased rate of clearance, the anticoagulant activity of R warfarin was increased in one subject after phenylbutazone. DISCUSSION The R and S isomers of warfarin appeared to be different drugs. First, the isomers differed in their potency: S warfarin was several times more effective an anticoagulant than R warfarin. Second, the isomers differed in their metabolism: R warfarin was metabolized to 6-hydroxywarfarin and alcohol 1, whereas S warfarin was metabolized to 7-hydroxywarfarin, alcohol 2, and 6-hydroxywarfarin. Third, the isomers differed in their interaction with other drugs: the clearance of S warfarin was inhibited by phenylbutazone, whereas that of R warfarin was stimulated. These observations indicate the significance of stereochemical considerations in regard to the metabolism of warfarin and suggest the importance of such considerations in the evaluation of biologically active isomers of other drugs.
Metabolism of the isomers
Metabolism by reduction. When the nonsymmetrically substituted ketone group of a drug is reduced, an asymmetric center is created. When the reduction is mediated enzymatically, the reaction is stereoselective (18) , and optically active metabolites are produced, e.g., the reduced metabolite of acetohexamide (19) . FIGURE 6 Three consistent changes in the plasma levels of warfarin metabolites were observed in all subjects after phenylbutazone: lower concentrations of 7-hydroxywarfarin, higher and earlier peak levels of warfarin alcohol 1 (the RS alcohol), and higher but later peaks for alcohol 2 (the SS alcohol).
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Lewis, Trager, Chan, Breckenridge, Orme, Roland, and Schary "I""% ally, ketones are reduced enzymatically in the same stereochemical sense. Where the configuration of the product is known, the reduced metabolite usually has the S configuration (20) . The biologic reduction of the ketone group of warfarin was similar. In a previous investigation of the absolute configuration of the four warfarin alcohols (21) , it was demonstrated that synthetically produced alcohol 1 had the (R,S) and (S,R) configurations. Since the present studies indicated that alcohol 1 was generated from R warfarin, the natural enantiomer of alcohol 1 must have the (R,S) configuration. The absolute configuration of the natural enantiomer of alcohol 2 was deduced in the same manner: warfarin alcohol 2 produced synthetically was shown to have the (S,S) and (R,R) configurations (21) . Since alcohol 2 was generated in vivo mainly from reduction of S warfarin, the natural enantiomer of warfarin alcohol 2 had, primarily, the (S,S) configuration. Thus, like other ketones whose enzymatic reductions create asymmetric centers, the ketone group of both isomers of warfarin was reduced by the same stereochemical path to the S configuration. The reduction produced two metabolites: the (RS) alcohol from R warfarin and the (SS) alcohol from S warfarin. Similar results have recently been reported by Hewick and McEwen (22) . FIGURE 7 Single oral doses of each of the isomers of warfarin were administered before and again after phenylbutazone pretreatment. The concentrations of the isomers are depicted in terms of percent of the extrapolated initial plasma level. Phenylbutazone delayed the rate of clearance of the potent S warfarin isomer but accelerated the rate of clearance of the weak R warfarin isomer.
Metabolism by oxidation. Isomers of a drug may be metabolized by oxidation by completely different routes. For example, only d-amphetamine is oxidized; the i-isomer is not (23) . The d-isomer of glutethimide is oxidized exclusively in the aromatic ring, whereas the i-isomer is oxidized only on the aliphatic side chain of the molecule (24) . The stereochemical configuration of a drug may also determine the configuration of its metabolite: when S pentobarbital is oxidized, the metabolite has primarily the R configuration at the new asymmetric center, but the oxidation of R pentobarbital produces both R and S configurations at the new asymmetric center (25, 26) . Similar stereochemical requirements were found for the oxidative metabolism of warfarin. Only the S isomer was oxidized in the 7-position, although both isomers served as substrate for oxidation in the 6-position. The mechanisms responsible for such steric specificity are incompletely understood.
Since the warfarin alcohols have only moderate anticoagulant activity (27) (33) .
The mechanism of interaction between phenylbutazone and warfarin has been ascribed to interference in warfarin-albumin binding. Warfarin has a high affinity to albumin, and only small amounts are present as unbound drug (11) . It is generally assumed that only the free drug is liable to metabolism. In in vitro systems, phenylbutazone interferes with the binding of many drugs to albumin, and markedly increases the concentration of free warfarin (34) . These data supported the suggestion that phenylbutazone augmented warfarin anticoagulation by a displacement mechanism (35) . By this means, increased amounts of free warfarin were made available to exert an increased pharmacologic effect and the increase in free drug was reportedly manifest also by an increased rate of metabolism of warfarin (35, 36) . However, the analytic methods were not specific for warfarin.
The data presented in this report indicate that the interaction between warfarin and phenylbutazone is more subtle and more complex. Phenylbutazone pretreatment failed to affect the clearance of racemic warfarin from plasma. Nevertheless, major, consistent alterations in the plasma levels of the metabolites of warfarin were observed. The concentration of the (R,S) alcohol 1 was increased, the concentration of the (S,S) alcohol 2 was increased, and the concentration of 7-hydroxywarfarin was decreased.5
Several mechanisms for these changes after phenylbutazone were considered: (a) alterations in the apparent volume of distribution (VD) of a metabolite, (b) alterations in its rate of excretion, (c) alterations in its rate of production, or (d) an entirely new pathway of handling of a metabolite. The increased concentration of (S,S) alcohol 2 and (R,S) alcohol 1 were not likely due to a reduction in VD of the highly albumin-bound warfarin alcohols (11) , since an effect of phenylbutazone would tend to increase the VD. In the analysis of substrate-product plasma curves, the time required to achieve peak levels of a product is generally felt to reflect the rate of elimination of the product; viz., a product (metabolite) slowly eliminated would require a long time until peak plasma levels were achieved. As is noted in Fig. 5 and indicated in detail in Table III , the time to reach peak levels of (S,S) alcohol 2 was significantly longer, delayed after phenylbutazone. This implied that the increased levels of (S,S) alcohol 2 after phenylbutazone were due to a slowing of the rate of elimination of (S,S) alcohol 2. Examination of Table III suggests that the peak levels of the (R,S) alcohol 1 were achieved generally earlier (albeit not significantly) after phenylbutazone than in the control studies. This implies that phenylbutazone may have accelerated the rate of elimination of alcohol 1. This would have lowered the plasma concentration. Thus, delayed elimination was an unlikely cause of the higher levels of the (R,S) alcohol 1.
It remained possible that the increased levels of (R,S) alcohol were due to an increased rate of production. Since (R,S) alcohol 1 was produced from R warfarin, an increased rate of production of (R,S) alcohol 1 should be manifest by an acceleration in the rate of clearance of R warfarin after phenylbutazone.
A marked, consistent reduction in the plasma levels of 7-hydroxywarfarin was observed after phenylbutazone. This could have been produced by an increase in the VD although 7-hydroxywarfarin is poorly bound to albumin (11) and may be less liable to displacement by phenylbutazone. The possibility could not be excluded. It seemed unlikely that the decreased level of 7-hydroxywarfarin were due to an increase in rate of excretion (with earlier peak concentrations) because the time to reach maximum concentrations was, generally, slower after phenylbutazone than in the control studies (Table  III) . Although it is possible that phenylbutazone opened unknown elimination pathways (such as further metabolism of 7-hydroxywarfarin to an undescribed metabolite), this hypothesis was not readily testable. Therefore, our analysis considered that the rate of production of 7-hydroxywarfarin was inhibited by phenylbutazone. Since 7-hydroxywarfarin was the major metabolite produced and produced solely from S warfarin, this hypothesis was testable: it should be manifest by a slowing in the rate of clearance of S warfarin after phenylbutazone. Accordingly, experiments were performed with separate isomers of warfarin, before and after pretreatment with phenylbutazone. The results of these experiments with the separate isomers of warfarin seemed to confirm the interpretation of the data from the experiments with racemic warfarin. The plasma ti of S warfarin was slowed after phenylbutazone: from 31 to 44 h, and from 22 to 62 h. In contrast, the plasma ti of R warfarin was accelerated after phenylbutazone, from 45 to 24 h and from 81 to 45 h (Table III) .
The divergent response of the two isomers of warfarin to the interaction with phenylbutazone appears to be without precedent. The impairment in the metabolism of the potent S isomer provides a mechanism by which the anticoagulant effect would be augmented.
Accumulation of active warfarin metabolites is an unlikely mechanism for the augmentation of anticoagulation. We have previously indicated that the (R,S) and (S,S) warfarin alcohols possess some, but only limited anticoagulant activity (27) . The (34) ; whereas, our limited data, when samples were obtained in vivo, suggested that the levels of free warfarin were much lower: only 1 % of the drug was in the free form after phenylbutazone. Second, if displacement from albumin is the sole mechanism of a drug interaction, it would seem logical to expect that the displacement in vitro be manifest also by more rapid metabolism and elimination in vivo. However, confirmation by accelerated plasma clearance in vivo is not invariably made. For example, clofibrate produced significant displacement of warfarin from albumin in vitro (34) , but the plasma clearance of warfarin is unchanged after clofibrate (37) . Similarly, there is no change in the clearance of (racemic) warfarin after phenylbutazone. Third, our data would seem to demand an additional hypothesis, since S warfarin was metabolized more slowly after phenylbutazone. Did phenylbutazone displace S warfarin from tissue proteins (the sites of metabolism) as well as from albumin? If so, it seems possible that phenylbutazone, or other displacing drugs, might also alter the binding of warfarin to other tissues, specifically, the sites for pharmacologic effect. With displacing drugs a gamut of anticoagulant responses thus could be anticipated, depending on the degree to which the displacing agent altered tissue binding at receptor sites of pharmacologic effect.
Finally, we would like to emphasize the disturbing limitation of the information obtainable from the measurements of unmetabolized warfarin in plasma. Despite the drastic alterations of phenylbutazone on the metabolism of warfarin, changes in the clearance of the racemic mixture were undetectable: inhibition of the clearance of the potent S warfarin isomer was masked by stimulation of the clearance of the weak R warfarin isomer. As noted, studies with the isomers of many drugs have indicated significant metabolic differences between the isomers. It does not seem unreasonable to anticipate that, like warfarin, drug interactions also might be stereochemically dependent. This kind of drug interaction would alter the isomeric composition of the drug in the plasma without changing the total concentration of the racemic mixture. When two isomers differ significantly in pharmacologic potency, such a "masked" change in isomeric composition would assume clinical significance.
